In a semiconductor channel, spin-orbit interaction is divided into two terms, Rashba and Dresselhaus effects, which are key phenomena for modulating spin precession angles. The direction of Rashba field is always perpendicular to the wavevector but that of Dresselhaus field depends on the crystal orientation. Based on the individual Rashba and Dresselhaus strengths, we calculate spin precession angles for various crystal orientations in an InAs quantum well structure. When the channel length is 1 m, the precession angle is 550 for the [110] direction and 460 for the [1-10] direction, respectively. Using the two spin transistors with different crystal directions, which play roles of n-and p-type transistors in conventional charge transistors, we propose a complementary logic device.
INTRODUCTION
Recently, spin-orbit interaction has become a very important phenomenon in the field of spintronics because it gives a method that an electric field can be converted to a magnetic property. The fascinating mechanism of spin-orbit interactions is that the high speed electrons in an electric field produces an effective magnetic field and the electric field can control the spin information even without an external magnetic field. Thus, the channel system with a strong spin-orbit interaction is very advantageous for spinbased electronic devices.
In a semiconductor channel, the effective magnetic field induced by spin-orbit interaction can be divided into two terms, the Rashba and Dresselhaus fields. 1 In a two-dimensional quantum well layer, the Rashba field originating from the structural inversion asymmetry, can be utilized to operate a spin field effect transistor (spin-FET). 2 3 The Rashba effective field was modulated by an electric field and then the spin orientation and the channel conductance were controlled by an external gate voltage. The other spin-orbit interaction term is due to the * Author to whom correspondence should be addressed.
Dresselhaus effect, which originates from bulk inversion asymmetry. In the conventional transport measurement, Rashba and Dresselhaus effects are phenomenologically inseparable 4-7 so observing their individual parameters is not simple. In the previous research, 1 Rashba and Dresselhaus spin-orbit interaction parameters have been separately extracted by measuring the Shubnikov-de Haas (SdH) oscillations for various crystal directions in an InAs quantum well channel. The gate dependence of the SdH oscillation curves clearly shows that only the Rashba term is modulated by an external electric field. However, the spin precession, which determines spin-FET operation, depends on the total spin-orbit interaction including Dresselhaus field.
THEORY AND EXPERIMENTAL TECHNIQUE
An InAs two-dimensional electron gas (2DEG) was utilized for investigating the spin-orbit interaction parameters. As shown in Figure 1( the active layer, the quantum well is asymmetric resulting in Rashba spin-orbit interaction effect even in the absence of an external electric field. In addition, the bulk induced Dresselhaus effect exists in this system. Figure 1(b) shows the direction of Rashba and Dresselhaus effective magnetic field as a function of the wavevector (k) in (001) plane of the zinc-blende structure. 1 5 The field direction of Rashba spin-orbit interaction is always perpendicular to the wavevector, but Dresselhaus field direction depends on the wavevectors. When k is along the [110] direction, both the Rashba and Dresselhaus fields are in parallel. However, when k is along the [110] direction, these fields have opposite directions. Hence, the total spin-orbit interaction parameter ( ) can be expressed as + for the [110] direction and − for the [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] direction, where and is Rashba and Dresselhaus spin-orbit interaction parameters, respectively.
While Dresselhaus effect cannot be modulated by the gate voltage, the spin precession angle ( S ) depends on not only Rashba parameter ( ) but also Dresselhaus parameter ( ).
1 If the channel length is L, the spin precession angle inside the channel can be expressed as,
for k 110 and (1)
where m * = 0 05m 0 is the effective mass of the channel. Figure 2(a) shows the geometry of SdH oscillations for investigating total spin-orbit interaction parameters. The channel is patterned by the ion milling after conventional photolithography. A 100 nm gate oxide layer of SiO 2 and an 80 nm electrode of Ti/Au deposited for the gate dependence measurements. At T = 0 3 K, the total carrier concentration and mobility of the channel are n S = 2 1 × 10 12 cm −2 and = 98000 cm 2 V −1 s −1 , respectively. 1 
RESULTS AND DISCUSSION
The spin-orbit interaction parameter can be estimated by observing the frequency of beat patterns in the Shubnikovde Haas oscillation (SdH). Figure 2(b) shows the results of SdH measurement for the samples A and B without applied gate voltages at T = 0 3 K. 1 The beat patterns originating from the concentration imbalance between the spin-up and spin-down electrons, which is induced from Rashba and Dresselhaus spin splittings. A large spin splitting energy leads to a short beat period and the frequency of the beat pattern is proportional to the spin splitting energy of the samples, E = 2 k F , where is the total spin-orbit interaction parameters, and k F is the Fermi wavevector. 8 9 As shown in Figure 2 (b), the beat period of the sample A is shorter than the beat period of sample B, which means A > B , and we can calculate 1 we can extract = 6 73 × 10 −12 eVm and = 0 57 × 10 −12 eVm at T = 0 3 K (assumed > . Figure 3 shows the spin precession angle for , , + A , and − B at T = 0 3 K. For realizing spin field effect transistor (spin-FET), we need modulation of the spin precession angle. The spin precession angles are obtained from Eqs. (1) and (2) . As shown in Figure 3 , we obtained that the major factor for modulating the spin precession angle is the Rashba spin-orbit interaction parameter ( ). The Dresselhaus spin-orbit interaction parameter ( ) is relatively small, but the relative orientation between Rashba and Dresselhaus fields is a function of wavevector directions. Thus, the spin precession angle is not constant with k, even though the magnitudes of and are constant. For example, when the channel length is 1 m, the precession angle is 550 for the as a function of L for various gate voltages. The channel conductance is obtained from the gate dependence of spinorbit interaction parameter which reflects both Rashba and Dresselhaus effects. 1 The maximum conductance occurs for S = 360 because in this case the spin orientation is parallel to the magnetization direction of drain. For S = 180 , however, the conductance becomes minimum value. The injected spins precess around the axis of Rashba field inside the channel, the conductance oscillates as increasing L. As shown in the curves of Figure 4 , the spin phase difference between S-TR 1 and S-TR 2 becomes larger with the longer channel. The conductance variation is also a function of the gate voltage. The top, middle, and bottom panels of Figure 4 show the conductance change for various gate voltage. Since the total spin-orbit interaction strength decreases with the gate voltages, the oscillation period increases with the gate voltage.
As described in earlier, in conventional complementary metal oxide semiconductor (CMOS) devices, only an n-MOS or a p-MOS transistor is conducting when the gate voltage is high or low, respectively. (S-TR 2 ) is grounded. In this design we utilized −V DD = −2 V, because the operation gate voltage is also negative. Thus, the n-and p-type transistors in conventional CMOS inverter are replaced by the two spin transistors. Figure 5(b) shows the spin dependent channel conductance, G S , as a function of the gate voltage which controls the spin-orbit interaction parameter and finally determines the spin precession angle. These curves are based on the experimental values of the gate dependence on the total field of Rashba and Dresselhaus effects. We assumed channel lengths of 1.4 m for both spin transistors. The operation of the spin transistor depends on the spin precession angle and the transistor is ON for parallel alignment between the arriving spins at drain and the magnetization of drain. As shown in Figure 5 (b), complementary operation can be implemented. The solid and dotted lines correspond to the channel conductance of S-TR 1 and S-TR 2 , respectively. For example, when V G = −2 V, the S-TR 2 is ON but the S-TR 1 is OFF. If, however, we let V G = 0 V, S-TR 1 is ON but S-TR 2 is OFF. For a low gate voltage (V G = −2 V), the V OUT is connected to the ground and the high state. In other case, for a high gate voltage (V G = 0 V), the V OUT is connected to the −V DD and the low state. Thus, the complementary inverter is possible using spin information. In the same sense, this scheme can be utilized for the other logic devices, such as AND, OR, NAND, and NOR gates. Due to the spin precession, the spin transistor signal basically oscillates so we can find the multiple sets of operational gate voltages. To reduce the power consumption, the selection of the smallest gate voltage is favorable. The oscillatory period can be modulated by the electric field exerted on the quantum well channel so the gate oxide is also a factor of determining gate voltage dependence of device operation. In the calculation in Figure 5 , we utilized a 100 nm thick gate oxide which was same thickness for our SdH experiments. If we reduce the oxide thickness, the operation voltage can be also noticeably reduced. In the near future, the carrier doping in a nano-sized semiconductor channel is big issue for CMOS technology. The strongpoint of this scheme is that the doping process is not required for fabricating two complementary transistors. In this research, we illustrated the spin transistor operation using a channel length of 1.4 m which is relatively large for high density application. To solve this problem, we should develop the spin-orbit interaction system with a strong dependence of crystal orientation. Also, this design does not require the carrier doping for complementary operation, so multiple stacking of device for high density application is possible.
CONCLUSION
The total strength of Rashba and Dresselhaus spin-orbit interactions depends on the crystal direction of an InAs quantum well channel. We investigated spin precession angles for various crystal orientations. For a channel length of 1 m, the spin precession angle is 550 for the [110] direction and 460 for the [110] direction, respectively. This difference is due to the crystal orientation dependence of total spin-orbit interaction. Using the same quantum well structure with different crystal directions, we suggest a spin-based complementary logic device.
